The 
Introduction
Many development works are in progress for fuel cell vehicles and research efforts for hydrogen storage materials are also actively underway, given the increasing need for lighter and less expensive hydrogen storage materials. With this in mind, carbonbased hydrogen storage materials have aroused growing anticipation. Since Dillon et al. 1) reported the potential for the ordinary temperature storage of hydrogen within single-walled carbon nanotubes, many pieces of research have been studying the potential hydrogen storage performance of carbon-based materials [2] [3] [4] , and in the earlier days, these carbon-based materials seemed to have a higher hydrogen storage capacity. Regrettably, however, recent research, including that by Tibbetts et al. 3) , cites a hydrogen storage capacity with certain carbon-based hydrogen storage materials at ordinary temperature and pressure of 11 MPa as 1wt% or lower; even worse, according to the report by Kajiura et al .4) , the hydrogen storage capacity levels of similar materials are even lower, reaching only 0.43wt% at best. In response to these reports, Orimo, Fujii et al. [5] [6] [7] [8] reported that a hydrogen storage capacity as high as 7.4wt% can be attained by subjecting graphite to a mechano-milling process with a planetary ball mill in a hydrogen atmosphere; while the investigation of the mechanism of this process is in progress 9) . However, in this research, it has been verified that the stored hydrogen is desorbed at temperatures of approx. 600K and 950K, meaning there is a particular engineering chal-
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Minoru Shirahige 1, 2 lenge for hydrogen storage materials, namely, the capability for the storage/desorption of hydrogen at lower temperatures.
The realization of a lower hydrogen desorption temperature appears to raise the need for control of nanostructured graphite that stores hydrogen. Many researchers have attempted to clarify the behaviors of graphite during the grinding processes [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . As a result of grinding in a vacuum atmosphere, the moisture and/or oxygen are stripped off the surface of the graphite due to the operation in vacuum, meaning the friction coefficient of graphite tends to be greater 19) .
There have also been reports that this effect leads to a greater grinding rate, and the shape of the resultant individual particles tends to be more solid 10, 13) . Thus, the authors initially attempted to obtain a nanostructured graphite material featuring a greater pore volume by grinding natural graphite with a ball mill in a vacuum atmosphere, where a greater grinding rate is achieved. Subsequently, they further ground the powder product thus-obtained as a starting material in a hydrogen atmosphere with dissimilar milling machines in a hydrogen atmosphere to prepare nanostructured graphite specimens, whose individual particles contain hydrogen. Subsequently, they experimentally investigated the relation between the nanostructure and the hydrogen desorption property using these specimens.
Specimens and Test Methods

Preparation of vacuum-ground graphite
products Using a vibration ball mill (VM) (capacity; 450 cm 3 , steel ball size; 4.8 mm, vibration amplitude; 5 mm, vibration frequency; 1200 Hz), loads of 10 g and 33 g of feed graphite were ground in a vacuum throughout a duration lasting from 1 to 120 hours. The starting material was natural graphite material from Brazil, consisting of flake-shaped particles (mean grain size; 16 m, purity; 99.5%). The material was dried for 1 hour at 300 C, the required amount of the material was loaded in a pot, and heated to 150 C, meaning this lot was vacuum-dried for 1 hour with a turbomolecular pump, and then subjected to grinding.
Grinding of vacuum-ground product in hy-
drogen atmosphere Using a vibration ball mill, a feed of 33 g was ground in a vacuum for 96 hours to obtain a powder product (VM-33-96). This product was used as the starting material, and three grinding mills a planetary ball mill (PBM), vibration ball mill (VM) and ball mill (BM) were employed. steel ball size; 4.8 mm) respectively. After each mill was closed, the pot was heated to 150 C, and then, by using a vacuum line, the pot was heated for 1 hour under a vacuum with a turbo molecular pump. After the pot was allowed to cool off, 1 MPa of hydrogen was introduced into the pot, whereupon the powder material was subjected to grinding for 24 hours. The grinding conditions were: a running speed of 120 rpm for the ball mill; rotation speed of 200 rpm and revolution speed of 400 rpm for the planetary ball mill; vibration amplitude of 5 mm and vibration frequency of 1200 Hz for the vibration ball mill. After the grinding operation, each specimen was unloaded from each mill in a glove box filled with argon atmosphere to avoid oxidation or absorption of moisture in the air.
2.3
Analysis for specific surface area and cr ystalline structure of specimens The specific surface area of each specimen, having undergone N2 adsorption, was measured through the BET method by using the model ASAP2010 from Micromeritics. Also, the pore distribution for each specimen was analyzed with the BJH technique 20) , assuming the shape of all the pores to be cylindrical. For analysis of the crystalline structure of the particles of the specimens using the X-ray powder diffraction method, an X-ray diffraction device (XRD), model MXP18VAHF from McScience, was used, which employed a Cukα X-ray, thereby the mean interlayer distance d(002) and the thickness of crystallite in the c-axis L c(002) were determined. In addition, to facilitate analysis of the surface structure of the ground product, the area of ground product in the D band (1360 cm -1 ) and that in the G band (1580 cm -1 ) were determined using Raman spectroscopy, thereby the R value, which is the ratio of the former area to the latter (I1360/I1580), was determined for the intended analysis. The R value is widely known as a means of measuring the degree of graphiteness on the surface of a carbon material [21] [22] . The analyzer used was the Raman Spectroscope NRS-2100 from Renishow, wherein a 514 nm Ar ion laser beam was used.
Evaluation method for hydrogen desorption property
The hydrogen desorption property of the specimens was analyzed by using a TG-mass analyzer from McScience, and Ar was used as the carrier gas, wherein the carrier gas was heated to 1000 C with a heat increase rate of 10 C/min, whereupon the amount of desorbed hydrogen was determined by a mass-analysis technique (mass 2).
Experimental Results and Discussion
Preparation of nanostructured graphite by
grinding in a vacuum, and property of resultant product In an attempt to obtain more porous nanostructured graphite, 10 g and 33 g raw feeds were each ground with a vibration ball mill in a vacuum. Fig.  1(a) illustrates the relation between the specific surface areas of ground products and grinding times. With a grinding operation for 10 g raw feed, the specific surface area peaks at a grinding time of 8 h, and eventually decreases. With a grinding operation for 33 g raw feed, the specific surface area almost peaks at the grinding time of 96 h. In other words, the smaller the amount of raw feed for the grinding operation (10 g), the shorter the time featured for the specific surface area to maximize and the greater the grinding rate. With both amounts of raw feed, the maximum value of the specific surface area was as great as approximately 700 m 2 /g, that is, a level significantly high compared with a specific surface area of approximately 4 m 2 /g with the material before undergoing grinding. Fig. 1(b) illustrates the variation in pore volume with ground products that is governed by the grinding time. It should be understood that like the tendency of specific area that is dependent on the grinding time, the pore volume with 10 g feed maximizes at the grinding time of 8 h, and that with 33 g feed maximizes at the grinding time of 96 h, and then pore volumes with both 10 g and 33 g raw feeds eventually decrease.
To be able to obtain more detailed knowledge about maximization of the pore volume, the authors determined pore radius distributions, taking the grinding time as a parameter. The resultant pore radius distributions are graphically plotted in Fig.  2 . With the plotting for 10 g raw feed ( Fig. 2(a) ), a significant amount of metho-and macro-pores are present at an earlier stage of grinding operation (), namely, 8 hours after the start of grinding. At more advanced stages of grinding operation, namely, grind- ing times of 72 h ( ) and 120 h (), the numbers of metho-and macro-pores of sizes typically 3 nm or greater tend to decrease. As shown in Fig. 2(b) , in grinding operations with a 33 g feed, an increased number of pores occur as the grinding time is longer, wherein the pore volume with metho-and macropores is maximized at the grinding time of 96 h, and diminishes at the grinding time of 120 h ().These results mean that grinding rate can vary depending on the amount of raw feed. Nevertheless, it should be understood that as a grinding operation with a vibration ball mill in a vacuum advances, the specific surface area and pore volume of a ground product increase, maximize and eventually decrease. This learning, namely, as the grinding operation advances, the specific surface area of a ground product will increase, maximize, and then level off or decrease, does not conflict with commonly known results 23, 24) .
3.2
Obser vation of shapes of nanostructured graphite Next, the authors evaluated the nanostructures of ground products, based on the results of observation with products obtained from grinding in a vacuum through SEM and TEM techniques, as well as on information concerning crystallite sizes calculated from the XRD pattern. Fig. 3 illustrates one example of such evaluation effort: the photos in this figure show the thicknesses L c of crystallites in the c-axis direction that have been determined based on the SEM images and the XRD of ground products obtained from raw feeds, each weighing 33 g. Fig. 3(a) shows a picture of flake-shaped graphite (raw feed), whose median diameter D50 measures 16 m; it is apparent that as a result of an advanced grinding operation, the diameters of the 4 h and 8 h grinding operations in (b) and (c), respectively, are much smaller. Incidentally, for the 96 h ground product (d), the thickness L c of the crystallites was as small as 4 nm, as learned from the XRD result; however, the particles in this ground product were granules strongly agglomerated as compared with ground products obtained from grinding times of 4 h and 8 h. In terms of the particle shapes, the shape of the raw feed (a) is flake-type; the ground graphite product (b) after 4 h of grinding contains a large portion of lump-shaped grains; the 8 h ground product (c) consists of solider fine particles; and the 96 h ground product (d) comprises lumpshaped granules derived from fine particles.
The primary objective of the authors experiments was to prepare more porous nanostructured graphite. To this end, the authors selected a specimen (VM-33-96) which was obtained by grinding 33 g raw feed for 96 h, wherein the specimen was a ground product featuring a greater specific surface area, increased numbers of metho-and macro-pores as well as a greater pore volume, meaning the authors evaluated this specimen in detail. SEM images of the VM-33-96 are given in In addition, the TEM image in Fig. 5(a) shows an agglomeration structure consisting of primary particles whose sizes are approximately 20 nm. Based on Fig. 5(b) , which is an enlargement of Fig. 5(a) , the primary particles occurring from grinding comprise not only a crystalline graphite portion but also a more amorphous structure, where the interlayer regularity has been lost. Table 1 summarizes the physical properties of the authors specimen (VM-33-96). Compared with raw graphite, the nanostructured graphite generated by grinding in a vacuum has a greater specific surface area and pore volume, thereby it can be concluded that the VM-33-96 is a more amorphous graphite material whose crystallite thickness L c measures 4 nm. Since featuring a greater half band width and R value with the G-band in the Raman spectrum, the VM-33-96 appears to have a unique structure; characterized by a lower graphiteness and an increased number of graphite edge faces. These findings coincide with the information in the SEM and TEM images.
Grinding of nanostructured graphite in a
hydrogen atmosphere, and the hydrogen desorption properties of this substance With several grinding mill types, the authors ground their nanostructured graphite (VM-33-96) in a hydrogen atmosphere at 1 MPa, and then evaluated the hydrogen desorption temperatures of the soobtained ground products. Fig. 6 shows the results following TG-Mass analysis with the so-obtained ground products.
With a product ground in hydrogen with a planetary ball mill ( ), hydrogen desorption started at approximately 600K, and peaks for the hydrogen mass desorbed emerge at 700K and 1050K. This data coin- . Incidentally, the authors have learned that with the product () ground in hydrogen by a ball mill featuring a lower grinding energy, the hydrogen desorption temperature is at around 470K and its hydrogen desorption peaks at 500 K (which is 200K lower compared with the achievements by Orimo, Fukunaga et al.), though the amount of hydrogen desorption with this product is low. This learning suggests that there can be a position whose chemical bond (adsorption) is weaker compared with the hydrogen position proposed by Fukunaga et al. The hydrogen peak with a ground product () from the vibration ball mill of a stronger grinding power was as high as 1180K. Based on these findings, it is apparent that the hydrogen desorption temperature can vary significantly depending on the grinding conditions, including the type of grinding mill used, when the nanostructured graphite is further ground in a hydrogen atmosphere. Thus, the authors attempted observation through SEM and TEM into variations in the shape and structure of graphite, 6 Hydrogen desorption properties of the products ground in hydrogen atmosphere using the nanostructured graphite as a feed material.
depending on the grinding mill used. The results are summarized below. An SEM image of a product ground by a ball mill in a hydrogen atmosphere is shown in Fig. 7(a)-1 , while a TEM image of the same product is given in Fig. 7(b)-1 . Compared with the images of raw feeds before undergoing grinding, as shown in Figs. 4 and 5, the SEM image in Fig.  7 (a)-1 appears to exhibit somewhat advanced agglomeration; however, the TEM image in Fig. 7(b)-1 still shows parallel graphite crystal structures running in parallel with each other. In contrast, the product ground by a planetary ball mill (Figs. 7(a)-2 and  (b)-2 ) and the product ground by a vibration ball mill (Figs. 7(a)-3 and (b)-3) show advanced agglomeration of particles, and the TEM images (Figs. 7(b)-2 and (b)-3) appear to have virtually no graphite crystals (parallel graphite structures) and suggest that the structures in these TEM images exhibit advanced amorphous structures. This trend is most significant with the product ground by the vibration ball mill. The pore radius distributions of these ground products are graphically plotted in Fig. 8 . As already mentioned, the raw feed, namely, nanostructured graphite (VM-33-96), has many metho-and macropores. The pore radius distribution with the product (BM-H2) ground by a ball mill in hydrogen atmosphere and using the VM-33-96 as a starting material remains virtually unchanged, while the mean pore diameter constantly measures 3.50 nm. Considering the results in Figs. 7 and 8 , it seems that no severe collapse of crystal structure occurs, leading to any amorphousness of particles or agglomeration of particles and causing the pores to be collapsed. In contrast, the numbers of pores measuring 2 nm or greater are smaller with the product (PBM-H2) ground by the planetar y ball mill and the product (VM-H2) ground by the vibration ball mill respectively. To sum up, based on these results, it appears that as a result of a grinding operation with a planetary ball mill, which features a greater load energy, pores of 2 nm or greater on nanostructured graphite decrease, due to the agglomeration of particles and/or pulverization and the fusion of graphite crystallites. The nanostructured graphite stores hydrogen during the grinding process and starts desorbing the stored hydrogen at approximately 600K, while the hydrogen desorption peaks at 700K and 1050K; which fairly matches the experimental result by Orimo et al. Thus, the modes of existence of the hydrogen in specimens obtained by grinding nanostructured graphite as a starting material by a planetary ball mill in a hydrogen atmosphere seem to be weak bonds between graphite layers around edge dislocations and bonds to carbon atoms at the terminations of the hexagonal graphite layer 5, 9) . In contrast, the grinding parameters in a grinding operation with a ball mill include a relatively low grinding energy that results in the rare occurrence of the agglomeration of nanostructured graphite particles or collapse of crystals: therefore, it appears that hydrogen atoms stored in the nanostructured graphite are present as adsorbed by a weak force in nanostructures, which are activated by grinding and have pores measuring approximately 2 nm and/or spaces having relatively greater clearances between layers. Moreover, it seems that hydrogen desorption temperatures are consequently lower with the products obtained from grinding with (1) product groundin a hydrogen(1MPa) using a ball mill (2) product ground in a hydrogen(1MPa) using a planetary ball mill (3) product ground in a hydrogen(1MPa) using a vibration ball mill a ball mill. Table 2 summarizes the information concerning the specific surface area, total pore volume, average pore radius, median particle diameter and hydrogen desorption starting temperature for these ground products. The authors have learned that a lower hydrogen desorption temperature is achieved from a grinding operation with a ball mill using nanostructured graphite in a hydrogen atmosphere, wherein the grinding operation features the limited agglomeration of particles, and smaller losses in specific surface area and pore volume respectively. The authors have further learned that the hydrogen desorption start temperature with a specimen obtained from nanostructured graphite ground by a ball mill in a hydrogen atmosphere is 470K, significantly lower than 600K, which is obtained with grinding by a planetary ball mill and 730K, which is attained with a vibration mill.
Conclusion
(1) By grinding in a vacuum, we prepared a nanostructured graphite specimen that featured a greater specific surface area and pore volume. (2) The nanostr uctured graphite specimen thusobtained featured cr ystallites whose thickness L c measured approximately 4 nm, and that was a porous material, consisting of agglomerated primary particles of size about 20 nm. (3) We learned that the hydrogen desorption start temperature of nanostructured graphite can vary within the range 470K to 730K, depending on the type of grinding mill used. (4) The hydrogen desorption start temperature of a ground product from a ball mill is as low as 470K. We learned that to lower a hydrogen desorption start temperature, unique grinding parameters that inhibit the agglomeration of particles are needed. 
